JMEPEG (1992) 1:755-762

© ASM International

Compatibility of Inconel 617° Alloy with LiF-MgF,-KF

Thermal Energy Storage Salts and
Vacuum at High Temperature

A. Luo, D.L. Jacobson, and R. Ponnappan

Thermal energy storage capsules made of Inconel 617 alloy were filled with high-purity LiF-MgF>-KF
salts and thermally cycled at 983 + 100 K in vacuum for up to S years. The containment life performance
characteristics with fluoride salts and in vacuum were examined. Metallographic study indicated that the
inside surfaces of the post-test containers had a corrosion damage of 100 um in depth after 5 years of ther-
mal cycling. The outer surface showed a vaporization damage of 120 pm after the same period. After 5
years of thermal cycling, the aluminum concentration at the capsule interior surface was reduced to 0.424
wt% from a nominal concentration of 1.34 wt% and chromium was reduced to 18.7 wt% from a nominal
concentration of 21.8 wt %. A more significant depletion of aluminum and chromium was observed at the
outer surfaces. Atomic absorption spectroscopy (AAS) and differential thermal analysis (DTA) were used
to reveal the alloying element dissolution and the changes in melting temperature and heat of fusion of
fluoride salts during thermal cycling. A modified diffusion equation for a one-dimensional semi-infinite
bar was applied to the depletion of aluminum on the interior surfaces of the containers. Good agreement

was obtained between the analysis and the measured concentration profiles.

1. Introduction

THE idea of thermal energy storage (TES) in the form of latent
heat of fusion has attracted scientists working on solar energy
space power systems. This form of energy storage is advanta-
geous with respect to other energy storage forms because of the
high specific heat per unit volume, small temperature variation,
and high efficiency. Solid-to-liquid phase change is an ideal
form of thermal energy storage because the energy density
(kJ/g) is much greater than the solid-to-solid phase changes and
also because high strength containment is not necessary for the
pressure buildup that occurs during the transformation from
liquid to vapor. Multicomponent eutectic fluoride salts with
melting points in the neighborhood of 1000 K and heats of fu-
sion well above the minimum requirement of 0.4 kJ/gl!] are
strong candidates for thermal energy storage application.

The selection of thermal capsule container materials was
based on compatibility of the alloy with fluoride salts and with
vacuum at elevated temperatures. In space, the evaporation of
alloying elements with high vapor pressures leads to a change
in composition and potential reduction in the corrosion resis-
tance and lifetime of the capsules. In the fluoride salt environ-
ment, alloying elements may diffuse into, and react with, the
salt thereby weakening the container wall, thus promoting fail-
ure in long-term operation. Thermodynamic calculations by
Misral!! formed the basis for the selection of Inconel 617 (Ni-
21.8Cr-12.6Co-8.6Mo-1.34A1-0.2Ti by weight percent) as the
containment material for the thermal energy storage capsules in
the present research. Compatibility of Inconel 617 with fluo-
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ride salts was examined in an earlier program.[2] No significant
corrosive attack was observed after 2000 h of testing. However,
the compatibility of Inconel 617 with fluoride salts and with
vacuum at high temperatures, especially under long-term ther-
mal cycling, needed to be established, and the present experi-
ment was designed to provide the extended lifetime
performance characteristics of Inconel 617 alloy with fluoride
salts and with vacuum.[2:3]

2. Experimental Procedure

The experimental procedure consisted of processing ul-
trapure eutectic fluoride salts and thermal energy storage con-
tainers under controlled conditions. Ultrapure fluoride salts
LiF, MgF,, and KF were supplied by Ventron Corp. in tightly
packed plastic bottles filled with an argon/nitrogen atmos-
phere. The composition of the eutectic salts was 63.5LiF-
30.5MgF>-6KF (molar percent), or 42.2LiF-48.8MgF,-9KF
(weight percent). The salts were then weighed and mixed inside
a glove box that was maintained with contamination levels of
oxygen and moisture below 3 and 0.2 ppm, respectively. Salts
were melted in situ under an argon gas atmosphere in a 1-in. di-
ameter and 3 in. long metal capsule fabricated from extruded
Inconel 617 tube and bar stock. Figure 1 is a schematic of the
capsule dimension and the inside salts. To allow for liquid ex-
pansion, 45 g of salts was placed in each capsule. The capsules
were sealed by electron beam welding of the end caps in vac-
uum4l,

The thermal energy storage capsules thus formed were
placed horizontally in a tubular Lindberg temperature-control-
led electric furnace for continuous thermal cycle/life testing by
cycling over 983 K (eutectic temperature of the salt mixtures)
+100 K every 4 h. A sheathed chromel-alumel thermocouple
was attached to each capsule to monitor test temperature. A me-
chanical pump maintained a vacuum of 20 mtorr in the chamber
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Fig.1 Schematic of capsule dimensions and inside salts.

(b)

Fig.2 X-ray radiographs of 40,000-h (a) and 50,000-h cap-
sules (b).

at all times. The performance of this test in a vacuum furnace
eliminated external corrosion of the capsules and provided for
the safety of personnel in the event of a leak or capsule breach.
The power input to the furnace was controlled through a set
point programmer/timer to switch the system on or off as de-
sired by the thermal cycle requirements. The details of the ex-
perimental setup have been published previously.[4!

One of five capsules was removed from the test apparatus
after 10,000 h (approximately 1 year) for post-test evaluation.
The remaining four capsules were removed at 10,000-h inter-
vals. Extensive metallurgical and chemical analyses were then
performed on all post-test capsule containers and eutectic fluo-
ride salts.

3. Analysis

3.1 X-Ray Radiography

X-ray radiography is a nondestructive test for revealing
macroscopic defects, flaws, and inhomogeneities in materials.
X-ray radiography was carried out on the thermal energy stor-
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Fig.3 Microstructure at the inner edge of the 40,000-h speci-
men.

age capsules prior to sectioning. Radiographs were taken with
350-kV X-ray to reveal internal flaws and weld defects in the
capsule containers. Figure 2 shows the radiographs taken from
thermal energy storage capsules after 40,000 and 50,000 h of
lifetime thermal cycling. The regions of higher material density
are brighter than the lower material density regions. The solidi-
fication profile of the salts is evident in the radiograph. No
flaws were observed in any of the thermal energy storage cap-
sule containers within the capability of the instrument resolu-
tion.

3.2 Metallographic Examination

The capsules were cut into longitudinal and transverse sec-
tions for metallographic examination and were selected on the
basis of potential criticality. The initial cutting was done by
hacksaw to avoid contaminating the salt by coolants and cut-
ting oils. Salt samples from the interior or from regions away
from the cut were used for chemical analysis. Visual examina-
tion of the salts did not reveal any significant discoloration.

The metallic samples used in microscopy were sub-
sequently cut with a diamond saw to avoid mechanical damage.
The metallographic specimens were prepared by further sec-
tioning and cold mounting with Buehler Epo-Kwich resin. The
mounted metallography specimens were polished with 320,
400, and 600 silicon carbide grit emery papers followed by fine
polishing with 1.0- and 0.05-pum alumina. Samples were then
thoroughly cleaned with distilled water and ethanol and etched
for optical microscopy examination. Etching was achieved
with aqua regia (75 vol% HCI-25 vol% HNO3).

Microstructural changes in the inner edge (exposed to the
molten salts) of all post-test thermal energy storage capsules
were studied. Figure 3 shows the metallograph of a thermal en-
ergy storage capsule after 40,000 h of thermal cycling. The gen-
eral microstructure of the post-test specimens consisted of
well-defined and large grains of unequal size with the grain
boundaries decorated with irregular carbide precipitates. Some
were blocky, whereas others were elongated in the direction of
the grain boundaries. The carbides were identified as either
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Fig.4 Damage depth at the inner edge as a function of cycling
time.

Fig.5 Microstructure at the outer edge of the 50,000-h speci-
men.

chromium or molybdenum carbides. The bulk grains also con-
tained some cubical inclusions, which were identified as tita-
nium nitrides.

It was found that the depth of corrosion region was a func-
tion of testing time (Fig. 4). Corrosion progressed rapidly dur-
ing the initial 30,000-h period and then decreased with
continued testing, indicating that a protective film was prob-
ably formed. After 50,000 h of thermal cycling, the damage
depth at the inner surface of the specimen was approximately
100 pm.

The outer edge of the specimen, which was exposed to a 20-
mtorr vacuum, also showed microstructural damage. Figure 5
is a metallograph of the outer edge of the 50,000-h specimen.
The damage at the outer edge of thermal energy storage cap-
sules was believed to be associated with the material vaporiza-
tion at high temperatures when exposed to vacuum during
long-term operation. Figure 6 shows the progressive damage
depth during thermal cycling. Because no protective film was
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Fig. 6 Damage depth at the outer edge as a function of cycling
time.
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Fig.7 Welding zone of 30,000-h specimen. Top is the end cap
and bottom is the tube.

formed at the outer surface, the damage depth progressed ap-
proximately linearly with cycling time. The damage depth at
the outer surface was determined to be 120 pum after 50,000 h of
thermal cycling. Precipitates observed along grain boundaries
were identified as sigma phase.

The thermal energy storage capsules were fabricated by
electron beam welding an Inconel 617 tube at both ends with
caps. In approximately half of the thermal energy storage cap-
sules fabricated, there was a gap between the end cap and the
tube wall. Figure 7 is a typical example. The existence of this
gap was possibly due to the design, the machined fit, or insuffi-
cient weld penetration. Such a region between the end cap and
tube should be eliminated so that the expansion of salts during
melting does not result in gap growth, leading to catastrophic
failure during service. The gaps in the tube/cap weld region
would probably be the weakest points of the capsule structure.
Increasing welding penetration and changing the cap/tube in-
terface design is strongly suggested.
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3.3 Energy-Dispersive X-Ray Spectroscopy

The precipitates and inclusions in the microstructure were
qualitatively identified by energy-dispersive X-ray spectros-
copy (EDS) from the area of interest. From the EDS spectra
analysis, most of the precipitates lining the grain boundaries
were identified as being either chromium or molybdenum car-
bides. These precipitates are known from the literaturel] to be
either MgC or M33C¢ carbides, where M refers to chromium or
molybdenum.

It is known from the literature!6! that the untested Inconel
617 alloy does not produce grain boundary precipitates. It was
therefore concluded that the grain boundary precipitates were
formed during high-temperature testing. The cubical precipi-
tates, which appeared to be darker than others, were identified
as titanium rich, most probably titanium nitride.

3.4 Differential Thermal Analysis

The melting temperature and heat of fusion of all post-test
eutectic salts were determined by differential thermal analysis
(DTA). The results are given in Table 1. There was no signifi-
cant change in the melting temperature during thermal cycling.
The melting temperature of the eutectic salts dropped 5° after 5
years of thermal cycling. The slight decrease in melting tem-
perature was attributed to the dissolution of container materials
into the salts by a high-temperature diffusion-controlled corro-
sion processes. As shown in Table 1, the heat of fusion for the

Tablel Physical properties of post-test salts as a functio
of testing time :

Testing time,h  Melting point, K  Density, g/cm3 Heat of fusion, J/g
983.0 2.970 e
981.5 2.976 492.4
980.5 2.985 485.9
979.0 2.998 480.2
978.5 3.003 476.0
978.0 3.005 474.3

X ¢
10V
Fig.8 X-ray linescan of aluminum and chromium at the inner
edge of post-test thermal energy storage capsule.

2730
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post-test salts was also found to be lower than for the initial
salts. The heat of fusion decreased with increasing thermal cy-
cling time. Such a change in heat of fusion was also thought to
be associated with the dissolution of impurities into the eutectic
salt mixture.

3.5 Electron Probe Microanalysis

The results obtained by differential thermal analysis
strongly suggested that some alloying elements were dissolved
into the salts during long-term thermal cycling at high tempera-
tures. Figure 8 is an X-ray linescan of aluminum and chromium
across the inner edge of a post-test thermal energy storage cap-
sule. There was a drop in the signals near the edge, indicating
the depletion of these two elements. Quantitative measure-
ments were therefore performed at various points on the con-
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tainer wall with an electron probe microanalyzer (EPMA),
which consisted of an electron source and detection systems for
X-rays.

Standards were used in determining the composition profile
across the wall thickness. Compositions, in weight percent,
were obtained at intervals of 10 to 20 um across the container
edge with a beam diameter of 2 um. Spots very near precipi-
tates or voids were avoided to prevent signals of those features
from interfering with the bulk analysis. An optical microscope
was attached, the focusing of which ensured that the area of in-
terest was sufficiently flat for reliable spectrometer readings.

The composition profiles of aluminum, chromium, and mo-
lybdenum across the wall were determined for all tested ther-
mal energy storage capsules. Figures 9 and 10 show the
aluminum and chromium profiles near the inner edges of tested
thermal energy storage capsules. The depletion of both ele-
ments developed with increased testing time. However, the
concentration at depths greater than 120 um from the edges was
approximately a time-independent constant, close to the nomi-
nal compositions. A similar depletion phenomenon of alumi-
num and chromium was also observed near the outer edges of
tested thermal energy storage capsules due to the high-tem-
perature evaporation in vacuum, as shown in Fig. 11 and 12.

The composition at both inner and outer surfaces was ob-
tained by curve fit of the data determined by EPMA. It was
found that there was a significant reduction in the quantities of
aluminum and chromium at the inner and outer surfaces of
post-test capsules. For the 50,000-h thermal energy storage
capsule, aluminum concentration was reduced from a nominal
concentration of 1.34 to 0.42 wt% at the inner surface and to
0.13 wt% at the outer surface. At the same time, chromium con-
centration was reduced from a nominal concentration of 21.8 to
18.7 wt% at the inner surface and to 13.2 wt% at the outer sur-
face.

As shown in Fig. 13, molybdenum behaved opposite to alu-
minum and chromium. The concentration of molybdenum near
the edges was higher than the nominal composition. When
moving inward from the edge, the molybdenum concentration
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Fig.11 Aluminum profile near the outer edge.
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decreased and finally reached the nominal composition. This
behavior suggested that molybdenum diffused from the interior
area to the surface at high temperatures. The driving force for
the molybdenum diffusion was believed to be the vacancy dif-
ferential between the center area and the subsurface where the
depletion of aluminum and chromium left numerous vacancies.

3.6 Chemical Analysis

The salt was analyzed to detect the presence of alloying con-
stituent that may have been leached out or dissolved. Determi-
nation of the presence of metallic elements in the salt was not
possible with EPMA. A difficulty encountered in obtaining ac-
curate results from the microprobe was that elements in the salt
may have been present only in a particular phase of the eutectic
structure. Hence, additional chemical analyses were conducted
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Fig. 13 Molybdenum profile near the inner and outer edge af-
ter 50,000 h of thermal cycling.
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Table 2 Weight percentage of aluminum and chromium
in salts during thermal cycling

Testing time, h Aluminum, wt% Chromium, wt %
0.00 0.000
0.31 0.034
0.24 0.113
0.28 0.046
0.23 0.034
0.30 0.024

Table 3 Comparison of aluminum concentrations deter-
mined by EPMA and calculated from the diffusion
equation

Distance from the inner edge, um EPMA Theory  Error, %
0.424 0.419 1.19
0.551 0.539 2.22
0.669 0.660 1.36
0.840 0.874 -3.89
1.031 1.047 -1.53
1.142 1.171 ~2.48
1.240 1.252 -0.96
1.308 1.298 0.77
1.310 1.322 0.91

for the detection of aluminum and chromium in the salts by us-
ing atomic absorption spectroscopy (AAS).

The quantitative analysis for aluminum and chromium con-
centration in salts was conducted with a flame AAS using pri-
mary standards. The salt samples were dissolved in
concentrated nitric acid and digested for 6 h followed by sub-
jecting the solution to flame spectroscopy. The results are pre-
sented in Table 2. Both aluminum and chromium were detected
in the post-test salts, confirming that these alloying elements
were dissolved in the molten salts during long-term thermal cy-
cling at high temperatures.

4. Discussion

The purpose of the present experiment was to determine the
effect of eutectic salts on the containment metals. The results of
the various detailed analyses indicated that the corrosion ef-
fects were not severe, even after 50,000 h of thermal cycling.
The removal of aluminum and chromium from the thermal en-
ergy storage containers can be considered in light of thermody-
namic calculations performed by Misra and Whittenberger.!!
In their model, one mole of pure sait LiF, KF, or MgF; reacts
with pure metals at both ideal and nonideal conditions. The re-
sults indicate that the equilibrium amount of aluminum salts
will be the highest, followed by chromium, when considering
all elements constituting Inconel 617.

Simple dissolution of the pure metal in the salt is not ex-
pected except in their own salts, and hence, it is more probable
that these elements leached out by direct reaction with the salts.
The individual reactions predicted are:

6 MF(]) + Al - M,AIF, (1) 1
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2MF (1) + Cr - CrF, + 2M (1) 2]

where M is Li or K. If M is Mg, the reactions are:

3 MgF, (1) +2 Al > 2 AlF,; (1) +3 Mg (1) {31

MgF, (1) + Cr = CrF, + Mg (1) [4]

The concentration profile of aluminum across the tube wall
near the inner edge, as shown in Fig. 8, was observed to very
closely resemble the solid-state diffusion curve of a binary sys-
tem.[8] The test data for the 10,000-h capsule were previously
modeled as a diffusion curve of a binary system in a one-dimen-
sional semi-infinite bar.[¥) This model resulted in a D value of
1.0x 10~13¢m?/s, where D is the diffusion coefficient of alumi-
num in Inconel 617.

Using this D value in the diffusion equation for a testing
time of 50,000 h, the following equation was obtained:

Cy=Cg+(Cy—Cy) erf(0.5 (D)%) [5]

where X is the distance (cm) from the inner surface, Cg is alumi-
num concentration at the inner surface, Cy is aluminum con-
centration at a distance X from the inner surface, C is the
nominal concentration of aluminum in Inconel 617, and ¢ is the
testing time in seconds.

The aluminum concentration at the inner edge of the
50,000-h capsule was 0.424%, as determined by curve fitting
the EPMA results. For the 50,000-h capsule, ¢ = 1.8 x 108s.
Therefore, the above equation becomes:

Cy=0424+0.921erf(117.85 - X) [6]

The values of Cx at various positions from the inner edge
were calculated from Eq 6. In Table 2 and Fig. 14, the theoreti-
cal values are compared with the results determined by EPMA.
Good agreement is obtained between the experiments and the-
ory. The calculated values from Eq 6 closely fit the determined
concentration profile with an error range of £4%. Therefore, it
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was concluded that the corrosion of Inconel 617 in molten fluo-
ride salts is a diffusion-controlled process.

The concentration profiles indicated that chromium was the
only other alloying element of Inconel 617 that showed a re-
duction near the surface. A very small amount of chromium
(approximately 1 x 107# wt%) of chromium was identified in
the post-test salts by AAS analysis. According to the thermody-
namic calculations, the equilibrium concentration of chromium
in the present flouride salts was 1.6 x 1073 wt%. Therefore, the
equilibrium concentration of chromium had not been reached.
It can thus be stated that the corrosion rate of chromium is mini-
mal. This is not of serious concern because a minor depletion of
chromium will not cause a significant degradation in the physi-
cal properties of Inconel 617.

The outer edge of the wall that was in constant exposure to a
vacuum of 20 mtorr at high temperatures showed some micro-
structural damage consisting of voids and some elongated and
irregular inclusions. The EPMA conducted on those regions
showed a strong depletion of both aluminum and chromium
from the matrix. The most probable reason was vaporization of
elements from the Inconel 617 matrix. Vapor pressure calcula-
tions were made to predict the vaporization tendencies. At 1100
K, the vapor pressures of alloying elements in Inconel 617 in-
creased in the following order: molybdenum, cobalt, nickel,
chromium, and aluminum. Assuming that the vaporization
rates are proportional to their vapor pressures, it was not diffi-
cult to realize that aluminum and chromium showed the most
serious depletion among the alloying elements in Inconel 617.

Formation of voids at the subsurface of thermal energy stor-
age capsules can be explained principally by the movement of
vacancies, that is, neighboring atoms move to occupy vacant
sites. When an atom is vaporized on the outer surface, the atom
below the surface moves to occupy the vacancy and produces
another vacancy under the surface. This process creates a flow
of vacancies to the subsurface. Subsurface voids are formed
through clustering of vacancies.

5. Conclusion

The thermal energy storage capsules filled with eutectic
fluoride salts showed minimal degradation and no sign of fail-
ure after 5 years of thermal cycling. The inner edge (exposed to
the salts) of post-test thermal energy storage capsules sustained
corrosion damage of 100 pum in depth after 5 years of thermal
cycling. The outer edge (exposed to vacuum) sustained a va-
porization damage of 120 pm during the same period. Electron
probe microanalysis showed that on the capsule inner surface
aluminum concentration reduced to 0.42 wt% from a nominal
concentration of 1.34 wt% and chromium reduced to 18.7 wt%
from a nominal concentration of 21.8 wt% after 5 years of ther-
mal cycling. Both aluminum and chromium were identified to
be dissolved in the fluoride salts at high temperatures.
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The depletion of aluminum and chromium at the outer edge
was attributed to the high vaporization rates of these two alloy-
ing elements in vacuum at elevated temperatures. A slight de-
crease in the melting temperature and in the latent heat of
fusion for the eutectic salts was observed during the lifetime
testing of thermal energy storage capsules. This was attributed
to the diffusion of alloying elements of container material into
the molten salts. A gap between the tube and the end cap was
observed in some thermal energy storage capsules. Increased
welding penetration and improved end cap design are strongly
suggested.

A modified diffusion equation based on the assumption of
constant surface concentration at the end of a one-dimensional
semi-infinite bar was applied to the depletion of aluminum near
the inner edge of specimens thermal cycled for 5 years. The val-
ues calculated from this equation closely matched the concen-
tration profile determined by EPMA with an error range of less
than 4%, indicating that the corrosion was a diffusion-control-
led process. The projected lifetime of 5 to 7 years is reasonable,
and the capsules should easily perform their intended function
well beyond the required lifetime.
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